Abstract Ferric chloride and aluminium sulphate as coagulants and positive charged flocculants PDDMAC ((PDDMAC = poly (diallyldimethylammonium chloride) were used for pre-treatment of water and wastewater for removing humic substance prior to RO membrane filtration. It was found that a combination of flocculant and coagulant enhanced the coagulation-flocculation process and humic acid removal. The optimum conditions of coagulation-flocculation were established in reference to the ratio of humic acid and coagulant. Zeta potential and the ratio of E 4 /E 6 were investigated to explore the possible micro-mechanisms of coagulation-flocculation. The ratios of E 4 /E 6 show the molecular size variations using different coagulants and flocculants, which are expected to benefit membrane-fouling control.
Introduction
The significance of humic substances to water quality involved color, THM precursors, membrane fouling as well as complexes of inorganic and organic micro-pollutants. Increasing research work is conducted to find effective alternatives to the current colorremoval technology. Methods currently used to remove color from water and wastewater include: coagulation-flocculation, adsorption by activated carbon, biotechnology and membrane filtration (Edzwald and Tobiason, 1999) .
With the application of conventional and normal coagulation-flocculation technology, aluminium and ferric salts have been popular coagulants selected for the removal of the inorganic and organic contaminants from water and wastewater (Boller, 1993; Rebhun and Lurie, 1993) . The many mechanisms postulated for coagulation of humics and DOM by Al and Fe (III) are as a result of the many hydrolysis and polymeric species involved and appearance of the solid hydroxide precipitate. Two major mechanisms are being considered now: precipitation and adsorption, each one being proposed for a separate pH range (Chow et al., 1999; Dennett et al., 1996; Rebhun and Lurie, 1993) . With the development of organic polymer flocculant in the pretreatment of water and wastewater, it has been found that the combination of inorganic and cationic flocculant is more effective in enhanced coagulation-flocculation and removal of DOM. Some related flocculation mechanisms are proposed to explore the flocculation processes, such as charge neutralization and bridging (Edzwald and Tobiason, 1999) .
Membrane fouling is the biggest problem involved in removing organic compounds from water and wastewater. Research performed indicated that the compositions and molecular size of humic substances played an important role in membrane fouling. In order to reduce membrane fouling, coagulation-flocculation is usually used for pre-treatment of humic substances prior to the RO membrane. As past research mentioned, the coagulation procedure is predominated by charge neutralization, which contributes to the removal of hydrophilic components with small molecular weight in DOM (Huang and Shiu, 1996) . This has been confirmed by Dennett's research using FABMS (Fast Bombardment Mass Spectrometer) technique (Dennett et al., 1996) . This work is aimed to study the molecular size variations of the resulting solution after the coagulation-flocculation procedure. Research performed by Chen et al. (1977) , Gressel et al. (1995) and Maartens et al. (1999) indicated that additional structural information about humics could be obtained from UV/Vis spectroscopy by measuring the ratio of the absorbance at 465 nm and 656 nm (E 4 /E 6 ratio). The E 4 /E 6 ratios were recorded and applied to evaluate the molecular size variations in the resulting solution after coagulationflocculation.
In this work, not only the flocculation procedures are performed with the use of aluminium and ferric salts, but also the synergetic function by inorganic coagulant with a combination of organic flocculant is evaluated. The effects of pH and dosage on the zeta potential are applied to explore the different mechanisms between aluminium and ferric (III) salts.
Materials and methods
Humic acid was purchased from Fluka Company. After the humic acid was immersed in water for 24 hrs, the filtration was collected and the indissoluble solid was removed. The concentration of humic acid was detected by the absorbance at 254 nm on a UV-Visible Spectrometer Lambda Bio20, Perkin Elmer Company, USA.
Inorganic coagulant solutions are freshly prepared and used as 2.5 g/l in stock solution. Commercial flocculant PDDMAC by Aldrich with different molecular weights (medium (200,000-350,000) and low (100,000-200,000) molecular weight) is used at 1% in fresh stock solution.
A certain dosage of inorganic or organic flocculant or their mixture are added to 500 ml humic acid solution, and followed by a rapid stir at 100 rpm for 2 min, then a slow stir at 20 rpm for 15 min. After flocculation, the resulting solution was centrifuged to remove the flocs and measured on a UV/Vis spectrometer at 254, 400, 465 and 656 nm for determining the concentration of humic acid, colour and the ratios of E 4 /E 6 (A 465nm /A 656nm ), respectively.
The zeta potential of the resulting solutions test was conducted on a Zetasizer 3000 produced by Malvern Instruments Company.
The concentration of humic acid in the supernatant after coagulation-flocculation was detected by UV-Vis spectroscopy at 254 nm. The ratio of absorbance of resulting solution at 254 nm with reference to the original humic acid before coagulation-flocculation was defined as recovery efficiency to evaluate the coagulation-flocculation performance. The recovery efficiency of humic acid reflects the amount of humic acid left in the solution after coagulation-flocculation.
Results and discussion
The coagulations using aluminium and ferric (III) are usually dominated by charge neutralization and adsorption. The whole coagulation procedure depends on pH variation in solution and hydrolysis of aluminium and ferric (III) to polymerisation (Licsko, 1997) . However, the removal efficiency of humic acids is closely related to the coagulant characteristics. As shown in Figure 1 , with a fixed dose of coagulant, aluminium is an effective coagulant on removal of HA at a lower concentration. In contrast to aluminium, ferric (III) only has a higher performance on removal of HA while HA concentration is higher than ca. 31 mg/l with ca.78% removal efficiency.
If the concentration of HA is fixed as shown in Figure 2 , the removal efficiency of HA can benefit from the increasing dose of coagulants. Nearly all of HA can be removed while the dose of ferric chloride is more than ca.4 ppm. Figure 3 demonstrates the recovery efficiency of HA in the supernatant after coagulation as a function of the ratio of HA to the mass of coagulant. Higher removal efficiency of HA by ferric chloride can be observed while the mass ratio of HA to ferric (III) is from 5 to 12. In contrast, the removal efficiency of HA will decrease with increasing mass ratio of HA to aluminium. This suggests that the coagulation optimisation can be established at the matched mass ratio of HA to the dose of coagulant.
Past research suggested that E 4 /E 6 could provide size information on HA molecules in solution. Higher E 4 /E 6 correspond to smaller molecules, and lower E 4 /E 6 correspond to large molecules in the solution (Maartens et al., 1999) . The effect of ferric (III) and aluminium on the molecular size of HA solution was shown in Figure 4 . Accordingly, small molecular size of HA can be removed with higher dose of ferric (III), while aluminium has different performance against ferric (III). It seems that HA molecules with large molecular size were still left at the optimum coagulation of ferric chloride (the ratio of HA to ferric chloride is less than 10). But, HA molecules with small molecular size were left in solution at the optimum aluminium coagulation. Zeta potential and pH variation of the resulting solution as a function of dosage of coagulant were recorded and shown in Figure 5 . The pH variation of the resulting solution after ferric (III) coagulation decreases from 4.85 to 3.21. Correspondingly, the zeta potentials of flocs decrease to a minimum point and then rise with increasing dosage of ferric (III). However, pH value in the resulting solution does not change while the dose of aluminium is more than 3.5 ppm.
However, increasing the dose of aluminium results in the increase from ca. -12 mV to ca. 3.8. Evidently, charge neutralization plays the most important role in the coagulation by ferric (III) and aluminium. However, it seems that ferric (III) in solution shows a different hydrolysis procedure from aluminium. The zeta potentials indicate that the interaction between HA and ferric (III) is different compared against HA and aluminium. We can assume that the more coagulant is adsorbed on HA with increasing coagulant dose, the better the reduction of floc zeta potential of HA and coagulant.
According to Figure 6 , high pH value in solution results in the reduction of zeta potential of flocs of ferric and HA, and removal efficiency of HA will decrease with increasing pH value in the solution. It seems that increasing pH value in solution does not benefit ferric (III) adsorption on HA. However, increasing pH values in solution benefits the removal of HA by aluminium, and it gives an increase in zeta potential of flocs of aluminum and HA. This result suggests that increasing pH value in solution can produce high aluminium adsorption on HA.
According to the above results, we believe that ferric (III) and aluminium show different adsorption abilities on HA with variable dose and pH values in solution. As Dennett et al. (1996) showed, the hydrolysis of aluminium can be expressed in the following formula:
Moreover, high aluminium dosage results in "Sweep Coagulation" (Dennett et al., 1996) . In this case, HA with large molecular size can be removed from the solution. "Charge Neutralization" occurred for low aluminium dose, which benefits the interaction between aluminium and HA with small molecular size and it results in the removal of small molecular size at high mass ratio of HA to metal as shown in Figure 4 . But at the lower ferric (III) dose, the zeta potential of flocs goes down with the increase of ferric (III) chlo- ride. And with a fixed ferric (III) dose at 3 ppm, the zeta potential of flocs goes down with increasing pH in the solution. All of these suggest that ferric (III) at low dose just acts as a small hydrated positively charged metal ion in solution, which can be adsorbed on HA with large molecular size and precipitate from solution. While at high ferric (III) dose, it does not hydrolyse like aluminium to form polyhydrate ions, but it can be adsorbed on HA with small molecular size to form large flocs rapidly and then precipitate from solution.
With the development of pre-treatment of water and wastewater using organic flocculant, research on the design and preparation of novel flocculants was involved in this field. Usually, cationic flocculants were believed to be the most effective primary agents in the pretreatment of water and wastewater for removing colloid and quasi-colloid, including fine particulates and organic contaminants like humic substance (Bolto et al., 1996 (Bolto et al., , 1999 Lurie and Rebhun, 1997; Torres et al., 1997) ).
PDDMAC as a commercial cationic polymer is usually used as a flocculant for pretreatment of water and wastewater. PDDMAC can take advantage of the adjustment of molecular weight and charge density to control the flocculation process. As Figure 7 displays, PDDMAC with different molecular weight show different flocculation curves. After adding low MW PDDMAC, a very low dose or over dose of the flocculant will result in opaque HA solution. But no changes can be observed if the dosage of the PDDMAC with medium MW is less than 0.6 ppm in HA solution. Evidently, PDDMAC with low MW has a wider flocculation range than PDDMAC with medium MW.
In addition, the molecular sizes of the resulting solution after flocculation with different molecular weight PDDMAC are different. Figure 8 indicates that large molecules of HA in the resulting solution after flocculation with less addition of low MW PDDMAC cannot be removed. For medium MW PDDMAC, the small molecules of HA will be left in the resulting solution. Addition of flocculants leads large molecules of HA to be removed. But for medium MW PDDMAC, increased addition will ease the removal of small molecules of HA when the dose of flocculant is less than ca. 1.2 ppm. In order to maximize the removal of HA from water and wastewater, enhanced coagulation-flocculation that integrates coagulant ferric chloride and flocculant PDDMAC in the same system is used. The effect of the mixture of coagulant and flocculant on removal efficiency of HA from water solution is studied. Compared with Figure 7 , the flocculation by PDDMAC with a combination of ferric (III) and aluminium have a wider flocculation range displayed in Figure 9 , and higher removal efficiencies have been achieved. Moreover, the removal efficiency of HA also benefits from the combination of inorganic coagulant and organic flocculant with an optimum at ca.99% for ferric (III), about 10% higher than the ferric chloride used solely in Figure 1 . For aluminium, more improvements have been made in the removal efficiency of HA with a combination organic flocculant in comparison with Figure 2 .
Conclusion
In this work, two kinds of common coagulants and cationic flocculants were used to explore the differences between ferric (III) and aluminium, and the effect of the mixture of coagulant and flocculant on the enhanced coagulant-flocculant process. While ferric or aluminium was applied as a solo coagulant to remove the HA, it appears that ferric (III) is more effective than aluminium, but aluminium has a wider flocculation range than ferric (III). More improvements in removal efficiency of HA from the solution can be achieved with a combination of inorganic coagulant and organic flocculant in the coagulation-flocculation process, targeting maximum removal of colloid from the water and wastewater.
It is always thought that ferric (III) shares a similar coagulation-flocculation mechanism with aluminium through adsorption, or polymerisation by hydrolysis. The results of E 4 /E 6 of the resulting solution after coagulation-flocculation, suggests that coagulation by ferric (III) still shows some differences from aluminium. The molecular size of HA in the resulting solution after coagulation-flocculation depends on the characteristics and dose of coagulant-flocculant. This is expected to benefit pre-treatment of water and wastewater prior to membrane fouling. The results suggest that ferric (III) and aluminium show different existing ionisation and polymerisation with variations of dosage, as well as effect of pH variation on the polymerisation of ferric (III) and aluminium.
Enhanced coagulation-flocculation can be achieved with a combination of inorganic coagulation and organic flocculant. In addition, coagulation-flocculation occurred in a wider concentration range and it reduce the dosage of coagulant-flocculant.
